Gait modification strategies play an important role in the overall success of total knee arthroplasty. There are a number of studies based on multi-body dynamic (MBD) analysis that have minimized knee adduction moment to offload knee joint. Reducing the knee adduction moment, without consideration of the actual contact pressure, has its own limitations. Moreover, MBD-based framework that mainly relies on iterative trial-and-error analysis, is fairly time consuming. This study embedded a time-delay neural network (TDNN) in a genetic algorithm (GA) as a cost effective computational framework to minimize contact pressure. Multi-body dynamic and finite element analyses were performed to calculate gait kinematics/kinetics and the resultant contact pressure for a number of experimental gait trials. A TDNN was trained to learn the nonlinear relation between gait parameters (inputs) and contact pressures (output). The trained network was then served as a real-time cost function in a GA-based global optimization to calculate contact pressure associated with each potential gait pattern. Two optimization problems were solved: first, knee flexion angle was bounded within the normal patterns and second, knee flexion angle was allowed to be increased beyond the normal walking. Designed gait patterns were evaluated through multi-body dynamic and finite element analyses.
. Genetic algorithm is a time-efficient global optimization technique which searches the entire data space to find the best solution (Goldberg, 1989) . In each iteration, only potential candidates that better optimize the cost function will survive to the next iteration. Thus, regardless of the initial point, the search data space is iteratively modified and GA will rapidly converge to the global optimum solution. This in turn assures the robustness of the method and minimizes the computational effort required to find the best solution. Moreover, GA is capable of dealing with multivariable data space, nonlinear input-output interactions and non-explicit, non-differential cost function .   47   48   49   50   51 Therefore, the overall aim of this study was to develop a hybrid framework of time delay neural network (TDNN) and genetic algorithm (GA) to address the aforementioned limitations of the literature. In particular this study aimed to (1) optimize the gait pattern in order to minimize the contact pressure at the knee articulating surfaces and (2) investigate the role of knee flexion in knee joint offloading. The advantage of the proposed approach was also compared over the existing knee rehabilitations in the literature.
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Materials and methods
53
The proposed computational approach was implemented in the following steps:
54
Step 1) Experimental gait analysis data were obtained from the literature (Section 2.1), and imported into MBD 55 analysis to calculate gait kinematics and kinetics (Section 2.2). Knee flexion angle and three dimensional knee joint 56 loadings were predicted by MBD, and then served as boundary condition and loading profiles for the finite element 57 simulation to calculate contact pressure (Section 2.3). Gait trials were then outlined via a number of kinematic 58 features and the corresponding maximum contact pressure values (CPRESS-max) (Section 2.4).
Step 2) A time-delay neural network (TDNN) was trained to learn the nonlinear relationship between kinematic 60 features as inputs and the corresponding CPRESS-max values as output (Section2.5).
61
Step 3) A genetic algorithm (GA) was implemented to search for the optimum kinematic features (optimization 62 variables) which minimized the CPRESS-max at the knee joint bearing surfaces. In this GA, the trained TDNN was 63 served as a real-time cost function to calculate the objective value (CPRESS-max) (Section 2.6). 
170
The first population was initialized with random individuals in which features of gait kinematics were 171 randomly chosen due to X L and X U . The next populations were created through selected individuals by elitism, crossover and mutation operators of GA (Goldberg, 1989). here, contact pressure was adopted as a more accurate criterion for knee joint offloading. This in turn built more confidence in the efficiency of the proposed gait modification. Previous gait modifications were mainly designed to reduce knee joint moment. Although these modification patterns could decrease knee joint loading, none of them could decrease contact pressure at the knee joint bearing surfaces whilst the proposed gait pattern in this study could effectively decrease the contact pressure by up to 25% (see Figure 9 ). Overall, hip adduction, ankle flexion, subtalar eversion, pelvis posterior rotation and pelvis medial-lateral rotation were increased during the stance phase for both optimized gait patterns (see Figure 7 ). However it should be noted that the exact amount of kinematic changes, compared to normal gait, was not reported in this study since specific gait rehabilitation, designed for a particular subject, may not be equally applicable for other patients.
Therefore, the quantitative amount of kinematic variations, compared to normal gait, was not focused in this study. There were several limitations in this study: (1) there was a lack of clinical investigation on the estimated kinematics. Nevertheless, from a technical point of view, the predicted kinematic waveforms are expected to be feasible since the TDNN was trained based on executable walking patterns. Once the network learns this dynamic, it uses this dynamic as the acting function to respond to new sets of inputs. Therefore, it is unlikely that it would generate highly aberrant kinematics. Regardless, further investigations are required to test whether the predicted kinematics is feasible to implement for compensatory or unexpected effects on the other joints or the contra-lateral limb; (2) rigid body constraints were applied to both the femoral and tibia components. Halloran et al. (2005) showed that rigid body analysis of the tibiofemoral knee implant can calculate contact pressure in an acceptable consistence with a full deformable model whilst rigid body analysis would be much more time-efficient. Therefore, in order to produce the training data base, required to train the neural network, rigid body constraints were applied. This was consistent with the present multi-body dynamic analysis in which no detailed modelling on the knee implant was included; (3) a typical knee implant was adopted in the present study. Although this implant has been widely used in were different from the original knee prosthesis by which the subject was implanted. In fact, the subject was implanted with a custom-made sensor-based prosthesis which was specifically produced to measure in vivo knee joint loading (Fregly et al., 2012) . Accordingly, in this study , a typical commercial knee implant was preferred to test the 289 efficiency of the proposed knee rehabilitation patterns. Nevertheless, the proposed methodology should be equally rotation were slightly increased during the stance phase. Compared to the available gait rehabilitations, the proposed gait pattern could decrease the knee contact pressure by up to 25%. Compared to the conventional MBD-based framework in gait rehabilitation design, the present methodology facilitated a more practical and reliable design procedure at a lower computational cost :(1) instead of using knee adduction moment, contact pressure was considered as a more accurate criterion which led to a more efficient gait modification, (2) using the time-delay neural network, the proposed computational framework was considerably faster and time-efficient. The computational framework therefore can be easily repeated for any given subject. Moreover, (3) the conflicting effect of the knee flexion was addressed through two systematic optimization frameworks: (i) knee joint may be offloaded without any changes in the knee flexion angle (ii) a slight increase in the knee flexion angle might better reduce contact pressure but at the cost of ankle joint over loading and (iii) large increase in the knee flexion angle reduced the contact area and yielded to an increase in the contact pressure. Various future direction from this study can be considered: (1) on the methodological level, more rigorous tribological metrics (e.g. wear), constraints (e.g. energy expenditure) or gait balance requirements can be included into the computational framework to enhance the predications; (2) on the validation level, further clinical studies are required to validate the finding of such studies; (3) on a wider application level, the proposed methodology in this study has wider implications in design and development of rehabilitation protocols for broader numbers of subjects and other joints such as hip and ankle. Supplementary Material Click here to download Supplementary Material: Appendix.docx
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